4.23.1. Ubiquitination {#s0010}
======================

Ubiquitin (Ub) is a small (8.6 kDa) regulatory protein of 76 amino acids that adopts a β-grasp fold. Ub is highly conserved in eukaryotic organisms. The conjugation of ubiquitin to a target protein is called ubiquitination or ubiquitylation.[@bb0010] Typically, Ub is attached to proteins through an isopeptide linkage between the C-terminal carboxylate of ubiquitin (glycine 76) and an ε-amino group of a lysine residue in the acceptor proteins. Ubiquitination is an important, reversible post-translational modification (PTM) in eukaryotic cells. Since its discovery in the late 1970s and early 1980s, the modification by ubiquitin has emerged as an essential regulatory mechanism in almost all cellular processes in eukaryotes. Ubiquitination affects substrate proteins in many different ways including signaling, proteasomal degradation, altering cellular localization, modulating catalytic activity, and promoting or preventing protein interactions.[@bb0015], [@bb0020] The cellular processes regulated by ubiquitination include cell cycle, transcription, trafficking, inflammation and DNA repair. Notably, many of the processes are independent of proteasome-mediated protein degradation.[@bb0025]

Ubiquitination involves three main enzymatic steps catalyzed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s) (see [Fig. 1](#f0010){ref-type="fig"} ).[@bb0030] First, ubiquitin is activated in a two-step reaction by an E1 (ubiquitin-activating enzyme) with the consumption of ATP, forming a ubiquitin adenylate intermediate and subsequently a thioester bond between the C-terminal carboxyl group of ubiquitin and the active site cysteine of E1.[@bb0035], [@bb0040] The human genome contains two E1s, i.e. UBA1 and UBA6.[@bb0045] E2 catalyzes the transfer of Ub from the Ub-E1 conjugate to the active site cysteine of E2 and forms the Ub-E2 conjugate through a transthioesterification reaction. The human genome possesses more than 30 different E2 enzymes.[@bb0050] The E3 ubiquitin ligase catalyzes the final step of the ubiquitination cascade by transferring Ub from the Ub-E2 conjugate to the substrate protein. E3s have substrate specificity for the E2 enzymes. The cullin-RING ligases, which constitute the largest group of E3s (around 600 members), do not form a covalent bond with Ub. Two smaller groups of E3s, the HECT ligases (around 30 members) and RBR ligases (around 12 members), form a Ub-thioester intermediate with the E3 active site cysteine.[@bb0055] Fig. 1Overview of ubiquitination and deubiquitination process. Ubiquitination involves three main steps: activation, conjugation, and ligation, catalyzed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s) respectively. Deubiquitination is catalyzed by deubiquitinating enzymes (DUBs).Fig. 1

Notably, substrate proteins can be ubiquitinated at different lysine residues resulting in multi-monoubiquitination. Ub itself can be further ubiquitinated, namely polyubiquitination, giving rise to Ub chains.[@bb0060] This can occur through one of seven Ub Lys residues (K6, K11, K27, K29, K33, K48, and K63) or the Ub N-terminal methionine residue (M1).[@bb0020] Furthermore, mixed and branched Ub chains also exist in cells.[@bb0065] Different Ub chain linkages are associated with various cellular functions. For instance, the K48-linked polyubiquitination is the best studied Ub modification and it targets proteins to the proteasome for degradation.[@bb0070] The K63-linked polyubiquitination is mostly related to non-proteolytic processes such as endocytic trafficking, inflammation, translation, and DNA repair.[@bb0010], [@bb0075] M1-linked (also called linear) Ub chains play a very important roles in immune response.[@bb0080]

4.23.2. Deubiquitinases {#s0015}
=======================

Deubiquitinating enzymes or deubiquitinases (DUBs) are isopeptidases that hydrolyze the isopeptide bond between a Ub C-terminal carboxyl group and a side-chain amine group of a lysine residue in the acceptor proteins. The receptor proteins can be a ubiquitinated target protein or a receptor Ub in a polyubiquitin chain. In the human genome there are close to 100 DUBs, which can be classified into two main categories, i.e. cysteine proteases and metalloproteases.[@bb0085] The cysteine proteases can be further divided into six families: ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), ovarian tumor proteases (OTU), Machado-Josephin domain DUBs (MJD), motif interacting with Ub-containing novel DUB family (MINDY) and the newly characterized zinc finger with UFM1-specific peptidase (ZUFSP). In the USP family, there are around 56 known DUBs ([Fig. 2](#f0015){ref-type="fig"} ). The UCH family includes BAP1, UCHL1, UCHL3, UCHL5. The OTU family includes A20, Cezannes, and OTUs ([Fig. 2](#f0015){ref-type="fig"}). The MJD family has four members, Ataxin-3, Ataxin-3 like, JosD1, JosD2. The MINDY family contains four members MINDY-1 to -4. ZUFSP is the most recently reported DUB with no homology to any known DUBs.[@bb0090] The metalloprotease group contains only the Jab1/Mov34/Mpr1, Pad1 N-terminal+, (MPN+), (JAMM) domain proteases. JAMM family contains eight members: BRCC36, CSN5, PSMD14, AMSH, AMSH-LP, MPND, MYSM1 and PRPF8.Fig. 2Overview of human deubiquitinating enzymes (DUBs). Human DUBs can be classified into two main categories: cysteine proteases and metalloproteases. The cysteine proteases are categorized into ubiquitin specific proteases (USPs), ubiquitin carboxyl-terminal hydrolases (UCHs), otubain (OTU) proteases, Machado Joseph Domain (MJD) proteases, motif interacting with Ub containing novel DUB family (MINDYs), zinc finger with UFM1-specific peptidase (ZUFSP). The metalloprotease family is JAB1/MPN/Mov34 metalloenzyme (JAMM). The human genome encodes more than 100 DUBs, each belonging to one of the above seven families.Fig. 2

DUBs often contain a catalytic domain surrounded by one or more additional domains, some of which contribute to target recognition.[@bb0095] These additional domains include Ub-specific protease (DUSP) domain; ubiquitin-like (UBL) domain; meprin and TRAF homology (MATH) domain; zinc-finger ubiquitin-specific protease (ZnF-UBP) domain; zinc-finger myeloid, nervy and DEAF1 (ZnF-MYND) domain; ubiquitin-associated (UBA) domain; CHORD-SGT1 (CS) domain; microtubule-interacting and trafficking (MIT) domain; rhodenase-like domain; TBC/RABGAP domain; and the B-box domain.[@bb0100]

DUBs process polyubiquitin chains through different modes of action. Some DUBs can completely disassemble Ub chains from substrate protein, whereas others may be involved in chain editing, in which a chain is partially trimmed. These types of DUBs cleave Ub modules in a chain and have specific Ub-binding pockets on adjacent sides of the active site: one that binds the Ub moiety preceding (S1) and one following (S1′) the scissile bond shown in [Fig. 3](#f0020){ref-type="fig"} .[@bb0105] Other DUBs can cleave monoUb or Ub chains from protein substrates. These DUBs have a S1 site where the Ub proximal to the substrate protein would bind, but lack an S1′ Ub-binding site. Instead, these DUBs may have a specific S1′ substrate-binding site ([Fig. 3](#f0020){ref-type="fig"}). An S2 or even S3 site following the S1 Ub-binding site may accommodate more distal Ub modules of a chain to enhance specificity of DUBs.Fig. 3Possible modes of action in deubiquitination by DUBs. The specificity of DUBs for differently linked Ub chains and ubiquitinated substrates is governed by ubiquitin and target protein binding sites.Fig. 3

The Ub system regulates a variety of cellular processes. Abnormality in the Ub system is known to cause cancers, neurological disorders and other human diseases.[@bb0110], [@bb0115], [@bb0120] The human DUBs are responsible for deubiquitination of over 5000 human proteins.[@bb0125] DUBs are known to interact with a large number of partner proteins which further increase the diversity and specificity of DUBs.[@bb0130] Human DUBs have recently garnered increasing attention as drug targets for pharmacological intervention due to better druggability than Ub ligases.[@bb0135]

4.23.3. Activity-Based Probes for DUBs {#s0020}
======================================

Activity-based probes (ABPs) have been developed for different families of enzymes,[@bb0140] including serine hydrolases,[@bb0145] cysteine protease[@bb0150] and others. Although ABPs often mimic substrate, they usually are not processed by the target enzyme, instead forming a covalent bond with the active site residue of the target enzyme.[@bb0155] Thus, the extent of probe labeling is an indirect measure of enzyme activity. ABPs are particularly well suited for studying enzymes with nucleophilic catalytic residues, as a reactive electrophile can be conveniently incorporated into the probe to form a covalent bond with the enzyme active-site residue. Cysteine, threonine, and serine proteases have been extensively studied with ABPs.

ABP usually contains three components, i.e. reactive group, recognition element and reporter tag, as shown in [Fig. 4](#f0025){ref-type="fig"}A.[@bb0160] For those enzymes with an active site nucleophile, the reactive group in the ABP usually is an electrophile, often referred to as a "warhead". The choice of warhead will affect both the reactivity and selectivity of the probe. The recognition element of ABPs confers selectivity toward the target enzyme, which can be a small molecule, a short peptide, or a full-length protein. A reporter tag (also referred to as a handle or label), can be used to detect probe labeled proteins. There are several generally used reporter tags. While the fluorescent tag can facilitate rapid and sensitive detection of labeled proteins, affinity tags (such as biotin or HA) also allow for isolation and enrichment of labeled proteins. Alternatively, a small biorthogonal group such as an alkyne or azide may be incorporated into the probe to allow subsequent attachment of a reporter through click chemistry.[@bb0165] This is often referred to as "two-step" labeling, and may be particularly advantageous when larger tags interfere with reactivity, selectivity, or physiochemical properties of the probe. For larger ABPs, such as the DUB probes, substantial increase in the molecular weight of the labeled protein, as detected on a SDS-PAGE gel, can be used as an indication of probe labeling.Fig. 4(A) Overview of activity-based protein profiling. (B) Probes used to study the DUB specificities and functions targeting the various Ub-binding sites. Monoubiquitin probes targeting the S1 pocket; internal diubiquitin probes targeting S1-S1′ pockets; terminal diubiquitin probes targeting S1-S2 pockets; Ub-substrate probes targeting S1-S1′ pockets.Fig. 4

The DUBs are well suited for study using Ub-based ABPs, due to the prevalence of enzyme active site nucleophiles ([Fig. 4](#f0025){ref-type="fig"}B). ABPs bearing cysteine-targeting electrophiles have been successfully developed for proteases.[@bb0160] DUBs are mainly cysteine proteases. Hence, Ub-based DUB probes have been developed and used to identify new DUBs, assess the potency and selectivity of DUB inhibitors, characterize DUB enzymatic activity, and uncover the physiological roles of DUBs.[@bb0170]

In order to profile the activity of DUBs, several types of Ub probes were developed during the last decade.[@bb0175] The most widely used DUB activity-based probes contain a mono-Ub recognition element with an electrophilic group conjugated to its C-terminus, exemplified by Ub propargylamide (Ub-PA) or Ub vinyl methyl ester (Ub-VME). Recently, the Ub-based DUB ABPs have expanded to include internal and terminal diUb-based ABPs,[@bb0105], [@bb0180], [@bb0185], [@bb0190], [@bb0195] ubiquitin photoaffinity probes,[@bb0200], [@bb0205] ubiquitin interactor affinity probes,[@bb0210], [@bb0215] Ub-substrate protein probes,[@bb0220], [@bb0225] and a reactive-site-centric DUB probe.[@bb0230] The above-mentioned DUB ABPs have greatly enhanced our knowledge of DUBs through elucidation of linkage specificity. In this review, we will discuss newly developed activity-based DUB probes and their utility in understanding DUB linkage and target protein specificities.

4.23.4. Monoubiquitin Probes {#s0025}
============================

The first generation of ABPs developed for DUBs contain a single Ub (1--75) with an electrophile (warhead) in place of the C-terminal glycine residue (G76), exemplified by the ubiquitin aldehyde (Ub-Al) and ubiquitin-nitrile (Ub-CN).[@bb0235], [@bb0240] These two probes were important tools in the early mechanistic studies of DUBs. However, the modification of DUBs by Ub-Al and Ub-CN is reversible and is not compatible with the strongly reducing conditions of SDS/PAGE gel analysis. To overcome the limitations of these probes, Borodovsky et al. developed irreversible DUB ABPs by introducing a C-terminal reactive group using the intein-based chemical ligation method.[@bb0245], [@bb0250] To generate the desired DUB ABPs, N-terminal HA-tagged Ub (HA-Ub) lacking Gly76 was expressed in *E. coli* as a fusion protein with an intein and a chitin binding domain. Purification using chitin beads, followed by a transthioesterification reaction with sodium 2-mercaptoethanesulfonate (MESNA) led to the isolation of the desired thioester. The desired irreversible DUB ABPs were synthesized by chemical ligation of the reactive groups (methyl (E)-4-aminobut-2-enoate et al.) with HA-Ub~1--75~-MESNA and purified by cation exchange chromatography. The covalent ABPs labeled DUBs in cell lysates and could be detected following SDS/PAGE immunoblotting due to the presence of an HA tag on the probe. Following similar chemical ligation methods, related Ubl-VS probes for ISG-15, SUMO-1, GATE-16, GABARAP, MAP1-LC3, and Apg8L were reported shortly thereafter.[@bb0255]

To date, a wide range of monoubiquitin probes have been developed with different electrophiles at the C-terminal of Ub, as summarized in the [Fig. 5](#f0030){ref-type="fig"} .[@bb0175] Electrophiles are classified according to the nature of the reaction with the catalytic cysteine, i.e. nucleophilic substitution, direct 1,2- addition and 1,4-conjugation addition. Surprisingly, propargyl amides also react with DUB active site cysteine residue, forming a vinyl thioether.[@bb0260] The reaction appears to proceed via direct nucleophilic attack on the internal alkyne carbon, facilitated by stabilization of the developing carbanion by the "oxyanion hole" of the active site. The resulting adduct is stable to denaturing and reducing conditions, but could be cleaved in acid, which is useful for proteomic studies.Fig. 5Monoubiquitin probe structures and warheads. Monoubiquitin probes usually contain a reporter tag (*red ellipse*), ubiquitin and a reactive group at the C-terminus of ubiquitin (*yellow triangle*). Based on the warheads, monoubiquitin probes can be categorized into three families: nucleophilic substitution, direct 1,2-addition, 1,4-addition and disulfide exchange.Fig. 5

Recently, Jong et al. reported a reversible disulfide Ub probe.[@bb0265] Solid phase peptide synthesis was used to generate an N-terminal biotin and rhodamine labeled Ub disulfide probe. These probes can bind DUBs covalently by forming a disulfide bond between the active site cysteine residue and the Ub-based probe. The in-vitro labeling result showed that disulfide ubiquitin probes can label OTUB2, UCHL1, USP7 efficiently. Moreover, the disulfide bond probe can label DUBs in cell lysate. Most importantly, the disulfide bridges can be easily broken by the addition of a reducing agent such as DTT or TCEP. These probes can be used to capture and subsequently release catalytically active DUBs, whereas existing capturing agents bind irreversibly.

4.23.5. Diubiquitin Probes {#s0030}
==========================

Although the monoubiquitin DUB probes have proven to be useful tools for profiling DUBs, they rely solely on the interaction between Ub and the S1 site of DUBs for affinity and specificity. Thus, they provide little information about the chain linkage and target specificity of DUBs. While some DUBs, notably those of the UCH family, prefer to process Ub with only short C-terminus extensions, most DUBs cleave Ub from ubiquitinated substrates. These substrates may be Ub itself, or other proteins. DUBs can display specificity for position in the Ub chain (exo, endo, or base cleavage) or linkage type using additional Ub binding sites, which can recognize Ub on the distal or proximal side. DiUb APBs have therefore been developed in order to study DUB activity and linkage specificity.

The first diUb mimetic ABPs was reported by Iphofer et al., who used short peptides conjugated through Lys isopeptide bonds to mimic the proximal Ub, as shown in [Fig. 6](#f0035){ref-type="fig"} .[@bb0270] The authors first synthesized a ubiquitin peptide containing a lysine with its ε-amino group modified by 4-aminobut-2-enoic acid using solid phase peptide synthesis. The modified peptide was then used to react with HA-Ub~1--75~-thioester to afford the final probe. Compared with HA-Ub-VME, probes mimicking K48 and K63 linked diUb showed the expected reactivity toward a small number of recombinant DUBs, and labeled different sets of DUBs in cell lysate, as determined by LC/MS based protein profiling and immunoblotting experiments.Fig. 6Internal diubiquitin mimetic ABP. The probe contains a reporter tag shown as red ellipse, ubiquitin (1--75) and a Michael acceptor reactive group between the C-terminal of ubiquitin and peptide sequence. Dubs can react covalently with the probe by a Michael addition.Fig. 6

It has become clear that DUBs likely make extensive contacts with proximal Ub in the DUB S1′ site.[@bb0105] Thus, probes containing short Ub peptides may not recapitulate the interaction between DUB and full length Ub. Subsequent efforts have therefore been directed to making diUb probes containing two intact mono Ubs. McGouran et al. generated activity-based diUb probes with eight different Ub linkages (M1, K6, K11, K27, K29, K33, K48, K63) using azide-alkyne click reaction ([Fig. 7](#f0040){ref-type="fig"} ).[@bb0180] To generate the desired diUb probe, the Cu(I)-catalyzed click reaction was used to link the proximal and distal Ub. In the distal Ub, an intein-based method was used to introduce a Michael acceptor warhead and an alkyne group at the C-terminus of HA-Ub~1--75~. For the proximal ubiquitin, an unnatural amino acid, azidohomoalanine (Aha), was introduced to substitute the target lysine residue using the methionine analog incorporation approach.[@bb0275] Subsequently, the proximal Ub was linked to the C-terminus of the distal Ub by the Cu(I)-catalyzed click reaction forming a 1,4-triazole linker. With the diUb probes in hand, 29 DUBs in total including 18 USPs, 4 UCHs, 5 OTUs, 1 MJD, and one SUMO deconjugating enzyme were captured by the probes from HEK293T cell lysate using LC-MS/MS.Fig. 7Generation of internal diubiquitin probe using azide-alkyne click reaction.Fig. 7

Li et al. generated the full length K48 and K63 diUb probes using intein-based chemical ligation method as shown in [Fig. 8](#f0045){ref-type="fig"} .[@bb0185] Chemical ligation reaction between the newly introduced cysteine to replace the selected lysine residue in proximal Ub and an α-bromoketone modified distal Ub yields the final diUb probe with a Michael acceptor warhead between the distal and proximal Ub. The resulting diUb probes closely mimic the native linkage of diUb in terms of linkage length. The K48 and K63 diUb probes were demonstrated to label DUBs from different families. A HA tag was introduced into the N-terminus of the proximal ubiquitin to facilitate its detection by the anti-HA antibody. Different labeling activity was observed between K48 and K63 internal diUb probes in both purified DUBs and DUBs in HEK293T cell lysate.Fig. 8Generation of K63, K48 internal diUb probe. Distal Ub with C-terminus Michael acceptor linker can react with proximal ubiquitin mutant (K63C or K48C) to generate internal diUb probe. DUBs can form a covalent bond with the probe through Michael addition between the active site cysteine and the α,β-unsaturated ketone.Fig. 8

Haj-Yahya et al. generated dehydroalanine (DHA)-containing diUb (M1, K48, K63 linkage) probes using solid phase peptide synthesis and native chemical ligation as shown in [Fig. 9](#f0050){ref-type="fig"} .[@bb0190] For the synthesis of the proximal Ub, orthogonally protected Fmoc-Lys-(Dde)-OH was used in position 48 or 63 of native Ub. Subsequent to chain assembly, the ε-amine of the Lys residue was unmasked and coupled with Boc-Cys(Trt)-OH. After peptide cleavage and purification, the intermediate was ligated with the Ub~1--75~-thioester to afford a diUb intermediate. Next, the 1,4-dibromobutane was used to convert the cysteine in diUb to the DHA and the desired diUb product was obtained by HPLC purification.Fig. 9Generation of M1, K48, K63 internal dehydroalanine based diubiquitin probe using solid phase peptide synthesis and native chemical ligation.Fig. 9

Mulder et al. reported a method of generating diUb probes (K6, K11, K27, K29, K33, K48, K63) using solid phase peptide synthesis coupled with native chemical ligation as shown in [Fig. 10](#f0055){ref-type="fig"} .[@bb0195] To generate the desired probes, a lysine residue of interest in proximal Ub was replaced with a diaminobutyric acid residue. Using linear Fmoc-based solid phase peptide synthesis of the Ub polypeptide, seven Ub mutants were synthesized. Then, native chemical ligation of the proximal Ub mutant and distal Ub~1--75~-SEt thioester was performed to yield the diUb intermediate. Finally, 2,5-dibromohexanediamide was used for desulfurization to generate the final diUb probe with a reactive Michael acceptor between the proximal and distal Ub. The authors further investigated diUb reactivity toward DUBs and demonstrated the ability of these probes to capture active DUBs selectively with distinct target preferences. Fluorescent versions of the K11 and K48 diUb ABPs were also generated, allowing a more sensitive and faster read-out of labeling experiments.Fig. 10Generation of K6, K11, K27, K29, K33, K48, K63 linkage-specific internal diubiquitin probe using solid phase peptide synthesis.Fig. 10

The above described diUb probes all contain a warhead between the distal and proximal Ub for reaction with the catalytic cysteine of DUBs. This class of diUb probes allows the interrogation of the DUB S1 and potential S1′Ub-binding sites. To interrogate the S1 and S2 Ub-binding sites, Dennis et al. designed a set of diUb probes with a reactive warhead at the C-terminus of the proximal Ub ([Fig. 11](#f0060){ref-type="fig"} ).[@bb0105] The two Ubs are connected through a triazole linker which is resistant to DUBs cleavage. Solid phase peptide synthesis was used to generate distal ubiquitin containing a N-terminal tetramethyl rhodamine as a reporter tag and a propargylamide warhead at C-terminus of the proximal Ub. For the proximal Ub, the unnatural amino acid azidohomoalanine (Aha) was introduced at the specific position using a methionine analog incorporation approach.[@bb0275] Then, the distal ubiquitin mutant can react with proximal ubiquitin mutant through a Cu(I)-catalyzed click reaction to generate a diUb intermediate. Finally, the diUb intermediate can react with propargylamine to generate the final terminal diUb probes. Seven linkage specific (K6, K11, K27, K29, K33, K48, K63) terminal diUb probes were generated by this method. With the probes, OTUD2 was shown to possess specificity for K11 and K33-linked terminal diUb probes due to engagement of S1-S2 sites on OTUD2. Additionally, an S2 site on OTUD3 interacting with K11-linked terminal diUb probes was found to provide the linkage specificity.Fig. 11Synthesis of triazole-linked activity-based terminal diUb probes using Cu(I)AAC catalyzed click reaction.Fig. 11

4.23.6. Triubiquitin Probes {#s0035}
===========================

Polyubiquitin probes to address multiple auxiliary ubiquitin binding sites (beyond S2/S1 or S1/S1′binding modes) are highly desirable in investigating how DUBs process linear, mixed and branched chain.[@bb0280] Another focus is understanding endo/exo chain cleavage activity of DUBs, which has remained poorly defined due to the lack of suitable tools. To date several branched chain triubiquitin substrates were synthesized utilizing thiol-ene reaction, chemoenzymatic methods, and solid phase synthesis.[@bb0285], [@bb0290] Moreover, free polyUb or polyUb substrate protein have been generated using chemical and semisynthetic approaches.[@bb0295], [@bb0300], [@bb0305], [@bb0310], [@bb0315], [@bb0320]

Given that multiple Ub binding sites may exist on DUBs, polyUb probes are desirable in assessing the binding and processing of polyUb chains by DUBs. Paudel et al. recently reported hybrid triubiquitin probes with a Michael acceptor or a non-cleavable linker introduced at selected isopeptide linkage in a triUb.[@bb0325] In brief, the synthesis of the probes were accomplished via a two-step method ([Fig. 12](#f0065){ref-type="fig"} ). The first step utilized specific E1 and E2 combinations to generate K11, K48 and K63-linked native diUb containing a lysine to cysteine mutation. In parallel, HA-Ub~1--75~-MESNA was either reacted with a Michael acceptor (MA) or non-cleavable (NC) linker molecule to generate HA-Ub-MA and HA-Ub-NC, respectively. In the second step, HA-Ub-NC or HA-Ub-MA was reacted with the mutant diUb species to yield triUb-MA1-CL2 or triUb-NC1-CL2. The triUb probes can be used to interrogate the endo/exo cleavage modes of DUBs by simultaneously assessing the binding of all three Ub moieties to the potential S1, S2 and S1′ sites in DUBs. Using hybrid triUb probes, the USP9X catalytic domain (USP9X CD) was shown to process triUb chains in a linkage-specific way. Specifically, USP9X CD cleaves K48-linked polyUb chain in an exo cleavage mode, as demonstrated by labeling with K48 triUb-MA1-CL2, while no cleavage activity of K48 triUb-NC1-CL2. In contrast, USP9X CD displayed endo recognition of K11 polyUb chains by efficiently cleaving K11 triUb-NC1-CL2 and K11 triUb-MA1-CL2 probes while showing very low level labeling by K11 triUb-MA1-CL2 probe. These triUb probes can be used to investigate other DUBs in processing polyUb chains of different linkages.Fig. 12Generation of hybrid triubiquitin probes. Chemoenzymatic synthetic routes to develop triubiquitin probes are illustrated.Fig. 12

4.23.7. Ubiquitinated Substrate Protein Activity-Based Probes {#s0040}
=============================================================

In addition to the chain linkage specificity, the DUB\'s specificity toward target proteins is thought to be important for the physiological function of DUBs.[@bb0020] In humans, around 5000 proteins have been found to be modified by Ub and 19,000 different lysine residues were identified.[@bb0125] Therefore, the development of ubiquitinated substrate protein ABPs is of importance for a better understanding of DUBs' target protein specificity. Challenges exist in making this type of probe synthetically or semi-synthetically given that many target proteins are prone to denaturation under harsh reaction conditions.

Roman et al. report a Ub α-Globin activity-based probe by applying a sequential dehydroalanine formation strategy to expressed proteins as shown in [Fig. 13](#f0070){ref-type="fig"} .[@bb0220] α-Globin was reported to undergo ubiquitination at various sites, including Lys100 in the C-terminus region. α-Globin contains a single Cys104 residue in the C-terminus region, close to the native ubiquitination site Lys100. The authors took advantage of the single cysteine (104) residue in α-Globin to generate a dehydroalanine α-Globin species using 2,5-dibromohexanediamide. Then a thiol-ene reaction and Pd-catalyzed reaction were used to generate α-Globin mutant, which can undergo native chemical ligation with a biotin-containing Ub thioester to generate ubiquitinated α-Globin through an amide bond. Finally, 2,5-dibromohexanediamide was used to generate the dehydroalanine ubiquitin α-Globin probe. After HPLC purification and buffer exchange, the ubiquitin α-globin probe can be refolded. The ubiquitin α-Globin probe mimics the native ubiquitinated α-Globin and cognate DUBs can be trapped by the probe through a Michael addition reaction. As a control, the α-Globin dehydroalanine probe without ubiquitin was also generated.Fig. 13General synthetic strategy for the preparation of ubiquitinated protein ABPs on the basis of sequential DHA formation. DTT, dithiothreitol; Gn, guanidine; MPAA, 4-mercaptophenylacetic acid; TCEP, tris(2-carboxyethyl)phosphine.Fig. 13

The in vitro labeling results showed that the ubiquitin α-Globin probe labels a number of purified DUBs. Also, the ubiquitinated α-globin probe was used to identify potential DUBs from erythrocyte lysate capable of deubiquitinating α-globin using MS/MS-based proteomics. USP15, USP14, USP5, and UCHL3 were significantly enriched by the ubiquitin-α-Globin probe. An in vitro cleavage assay using native α-globin-Ub as a substrate was used to validate the identified DUBs. α-globin-Ub cleavage activity was observed for USP7 and USP15.

Another protein-based DUB probe was reported by Gong et al. using an expressed protein ligation strategy ([Fig. 14](#f0075){ref-type="fig"} ).[@bb0225] The target protein is proliferating cell nuclear antigen (PCNA), a nuclear protein essential for DNA replication, repair and damage tolerance.[@bb0330] It has been shown that yeast PCNA can be ubiquitinated at multiple sites.[@bb0335] While monoubiquitination of yeast PCNA at Lys164 plays an important role in DNA translesion synthesis (TLS) across DNA lesions such as cyclobutane pyrimidine dimer (CPD) induced by UV irradiation in eukaryotes, monoubiquitination of PCNA at Lys107 also exists in *S. cerevisiae* and has been linked to DNA ligase I deficiency in yeast.[@bb0330], [@bb0340], [@bb0345], [@bb0350] In order to investigate the PCNA deubiquitination at different sites, activity-based Ub-PCNA probes were generated and used to identify the DUB in yeast *S. cerevisiae* responsible for PCNA deubiquitination. A major challenge in generating Ub-PCNA DUB probe is the labile nature of PCNA and the requirement of a mild reaction condition in probe preparation.Fig. 14Scheme illustrating the generation of Ub-PCNA activity-based DUB probes.Fig. 14

To prepare the Ub-PCNA probes, a warhead was introduced between the Ub moiety and PCNA for covalent trapping of the catalytic cysteine in the DUB active site. First, Ub~1--75~ with an α-bromide introduced at its C-terminus was generated using an intein-based method.[@bb0185] Then, ligation between the cysteine residue introduced at position 164 or 107 in the cysteine-light PCNA mutant with the α-bromide at the C-terminus of Ub yielded a Ub-PCNA probe with a stable thioether linkage under native reaction condition. Using the similar ligation method, Ub-PCNA probes containing a noncleavable linker were also generated.

The availability of the above described Ub-PCNA DUB probes coupled with pulldown and proteomics allowed the identification of yeast DUB, particularly Ubp10, that recognizes monoubiquitinated PCNA at K164 and catalyzes its deubiquitination. The result showed that Ubp10 is captured by the K164C Ub-PCNA probe specifically and revealed position-specific deubiquitination of a target protein substrate by DUB.

4.23.8. Cell-Permeable Activity-Based Probes for Human DUBs {#s0045}
===========================================================

Activity-based DUB probes are widely used in investigating DUB\'s function and activity. However, most early developed Ub-based DUB ABPs are limited to purified proteins and cell lysates due to poor cell permeability. One disadvantage of cell lysate-based study is the dilution of cytoplasm and disruption of cellular organelles, which may lead to altered activity of cellular DUBs and DUB complexes. To better understand the cellular functions of DUBs, cell-permeable DUB ABPs are needed for the interrogation of DUB activity and regulation in live cells. This class of DUB probes will also find use in drug development against DUBs.

Previously, several strategies have been developed to enable the in-cell profiling of DUBs, including catch-and-release probes and the use of pore-forming toxins (PFOs).[@bb0355] These strategies facilitate the entry of Ub-based ABPs into live cells. Also, Ward et al. reported a small molecule cell-permeable DUB probe.[@bb0360] With this probe, 12 USPs were identified using LC-MS/MS methods. Mulder et al. used electroporation to deliver the Ub cascade probe (Ub-Dha) into human cells.[@bb0365] In addition to the labeling of enzymes in the ubiquitin cascade (2 E1s, 19 E2s, 2 E2/E3s, and 2E3s), the authors also identified four DUBs using a proteomics approach.

Recently, Gui et al. reported cell-permeable activity-based Ub probes that enable intracellular profiling of human DUBs.[@bb0370] In this new class of DUB probes, such as HA-Cys(cR~10~)-Ub-PA, a cyclic polyarginine (cR~10~) peptide was linked to HA-Ub-PA through a disulfide bond as shown in [Fig. 15](#f0080){ref-type="fig"}A. The cR~10~ peptide was shown to enhance the cellular uptake of protein cargo, compared to linear and cyclic TAT peptides.[@bb0375], [@bb0380], [@bb0385] The disulfide bond is cleaved in cells due to a reducing environment. Two other cR~10~-containing cell-permeable probes, HA-Cys(cR~10~)-Ub-VME and HA-Cys(cR~10~)-Ub-EA, were also prepared using similar methods as shown in [Fig. 15](#f0080){ref-type="fig"}B.Fig. 15Generation of cell-permeable DUB ABPs. (A) Chemical steps of generating cell-permeable HA-Cys(cR~10~)-Ub-PA probe. (B) Structure of cell-permeable probe HA-Cys(*R*10)-Ub-VME, HA-Cys(*R*10)-Ub-EA and TAT-Ub-PA.Fig. 15

The HA-Cys(cR~10~)-Ub-PA probe was used in in-cell DUB labeling. A clear difference between HeLa cell lysate and in-cell labeling was observed. Twenty nine DUBs were significantly enriched by HA-Cys(cR~10~)-Ub-PA probe in HeLa cells using label-free quantitative mass spectrometry analysis. Additionally, the authors demonstrated that the cell-permeable DUB ABPs can be used in assessing the inhibition of DUBs by small molecule inhibitors.

4.23.9. Structure Studies Using Diubiquitin ABPs {#s0050}
================================================

Recently, diubiquitin ABPs have been utilized in co-crystallization with DUBs. The breadth of information from the structures has allowed for a careful analysis of binding interactions as well as preferential binding sites in DUBs. Although active-site cysteine mutant DUBs with native diubiquitin co-crystal structures have been solved for CYLD(Lys63),[@bb0390] AMSH(Lys63),[@bb0395] OTUD2(Lys11),[@bb0400] and USP30(Lys6),[@bb0405] the DUB-di-Ub ABP co-crystal structure captures DUB in action and provides further information about DUB catalysis. To date co-crystal structures using diUb-ABPs have been reported for USP21,[@bb0410] Cezanne/OTUD7B[@bb0415] and SARS PLpro[@bb0420] interrogating endo/exo binding as well as the contribution of the auxiliary sites for Met1, K11, and K48-linked diubiquitin linkages ([Fig. 16](#f0085){ref-type="fig"} ). These structural studies showcased the utility of activity-based diUb probes in understanding how DUBs recognize ubiquitin chains through multiple Ub binding sites and provided an in-depth understanding of their catalytic mechanisms.Fig. 16Co-crystal DUB structures using diUb-ABPs. (A) USP21 bound to Met1 diUb ABP that contains a terminal aldehyde warhead (PDB: [2Y5B](pdb:2Y5B){#ir0010}). (B) SARS PLpro in complex with a triazole linked K48 diUb ABP that contains a terminal propargyl warhead (PDB: [5E6J](pdb:5E6J){#ir0015}). (C) Cezanne/OTUD7B in complex with K11 diUb-ABP that contains an internal Michael acceptor warhead (PDB: [5LRV](pdb:5LRV){#ir0020}). Auxiliary sites next to S1 sites are colored in *magenta* while catalytic cysteine is colored *orange*.Fig. 16

In the case of the structure of USP21 with linear diubiquitin aldehyde, a relatively small area (387 Å^2^) was revealed for the potential S2 site ([Fig. 16](#f0085){ref-type="fig"}a).[@bb0410] The S2 site is located in the ZnF region of USP21 CD. Notably, the Ile36 hydrophobic patch of distal ubiquitin was found to contact the S2 site. However, further mutation of key residues in the USP21 S2 site failed to decrease the enzyme activity with linear diUb and tetraUb chains, which may be due to the *exo*-cleavage activity of USP21. Subsequent diUb- and triUb FlAsH anisotropy experiments were used to demonstrate the contribution of S2 site to Ub binding.

Human SARS coronavirus PLpro (papain like protease) specifically hydrolyzes K48 linked polyubiquitin chains. Structure elucidation with PLpro bound with terminal K48-linked diUb ABP revealed a potential S2 site in addition to the canonical S1 site in PLpro accommodating both ubiquitin moieties ([Fig. 16](#f0085){ref-type="fig"}b).[@bb0420] The authors found that the Ile44 patch in the S2 site-bound ubiquitin interacts with an α-helix between the PLpro palm domain and N-terminal Ub-like domain. Mutation of these contacting residues resulted in lowered catalytic activity of PLpro against polyubiquitin chains. The buried area for the S2 site was determined to be 540 Å^2^, which is smaller than that in the S1 site (890 Å^2^). Furthermore, mutations in the S2 site using K48-linked diUb-AMC substrates showed a drastic reduction in hydrolysis supporting the importance of S2 site binding of distal Ub.

A detailed analysis of internal K11-linked diUb ABP binding to Cezanne revealed that recognition of S1′ site ubiquitin leads to a large dynamic conformational change and subsequent catalysis in Cezanne. The S1′ was determined to be transiently formed upon binding of diubiquitin, as ascertained by comparing monoUb and K11-diUb ABPs through co-crystallization, HDX, fluorescent polarization, and NMR experiments. In particular, a "Cys-loop" near the active site occupies the catalytic groove rendering the enzyme inactive in its apo state. In the co-crystal structure, binding of the proximal ubiquitin to the S1′ site resulted in movement of the Cys-loop out of the catalytic site, thus enabling the catalytic Cys194 for reaction with the diUb ABP. The interaction regions of the S1′ site Ub were found to be the α-helix of ubiquitin as well as its Thr12 and Glu16 residues. In Cezanne, the S1′ site comprises the α1, α2 helices and α3-α4 linker region.[@bb0415] Mutation of residues in S1′ site did not drastically reduce polyubiquitin cleavage activity, likely due to the weak interaction in S1′ site as compared to the S1 site. The structural changes upon K11 diubiquitin binding supports the importance of S1′ site ubiquitin binding, which imparts the selectivity toward K11 linked polyubiquitin chains by Cezanne/OTUD7B.[@bb0415]

4.23.10. Conclusion and Future Direction {#s0055}
========================================

Activity-based ubiquitin probes are among the most crucial and versatile tools to understand specificity and activity of interacting proteins and DUBs. Currently, several methods of synthesizing monoubiquitin, diubiquitin and triubiquitin ABPs have been developed including solid phase synthesis and chemoenzymatic reactions. These probes have already yielded valuable information on how DUBs recognize and process polyubiquitin chains and ubiquitinated proteins. The molecular and structural diversity of polyubiquitin chains makes understanding ubiquitin signaling a challenging yet exciting undertaking.

The future ubiquitin research will benefit from the advent and continued development of ubiquitin-based probes. Ubiquitin ABPs are becoming more sophisticated to include polyubiquitin chains of mixed and branched linkages as well as polyubiquitinated proteins. Additionally, these ABPs allow for interrogation of auxiliary sites useful for development of inhibitors targeting DUBs and ubiquitin binding proteins. They will help to deepen our understanding of complex ubiquitin cellular signaling pathways and develop new therapies targeting the ubiquitin system.
